PCT 



1 B * I g 



(51) BHRWffP^9(7 

G02B 6/22, 6/16 


Al 


(11) HIR&BR#« WO00/70378 

(43) SRS^BB 0 2000^ 1 1 ^ 23 B (23. 1 1 .00) 

». 


(21) mmmmm^ pct/jpoo/03148 

(22) mmmms 2000^5^17007.05.00) 

(30) ffi&tt^— * 

^^^11/135799 1999^5^ 17 0(17.05.99) JP 
1^2000/ 118217 2000^4^ 1 9 0 ( 1 9.04.00) JP 

(71) fflffiA (*HS:l»<t-'<Tco»^S^o^T) 

(THE FURUKAWA ELECTRIC CO., LTD.)[JP/JP] 

T 100-8322 M^U=f-iXmm.%(D^2r B6S1* Tokyo, (JP) 

(72) ; 

(75) 3£93#/Ui®A (*BKov^t©*) 
ja#«E— (ARAI, Shinichi)[JP/JP] 
feHHft— (SUGIZAKI, Ryuichi)[JP/JP] 

jft— (AISO, Keiichi)[JP/JP] 
T 100-8322 mM^=PftffllE:^L^rt2Ti6#l-§- 
*W«»X«*SC£rf±rt Tokyo, (JP) 
(74) ftSA 

S+ffiLtS(IGARASHI, Kiyoshi) 

T220-0011 ##JI|»«»mHEi«ft2TB10»13* 

«t*3KP bVU908-^£ Kanagawa, (JP) 


(81) »5feB JP, US, EfcM^rF (AT, BE, CH, CY, DE, DK, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE) 



(54)TitIe: OPTICAL FIBER AND OPTICAL TRANSMISSION LINE COMPRISING THE OPTICAL FIBER 





A1 


,3 










A3 






i4— 



(57) Abstract 

An optical fiber having a negative 
dispersion and a negative dispersion 
slope in the wavelength band used, 
having little distortion due to the 
nonlinear phenomenon so as to be 
adaptive to wavelength multiplex optical 
transmission, and capable of operating in 
a single mode. The relationships 
between the relative refractive-index 
differences Al, A2, A3, and A4, of a 
center core (1), a first side core (2), a 
second side core (3), and inner clad part 
(4) to the silica level respectively are: 1.7 

< Al, A2<-0.3%, 0.25% <, A3, A4 < 0. 
The quotient A of the diameter a I of the 
center core (1) divided by the diameter a2 
of the first side core (2) is 0.15 ^ A < 0.5, 
and the quotient B of the diameter a3 of 
the second side core (3) divided by the 
diameter a2 of the first side core (3) is 1 

< B £ 2. As a result, the absolute values 
of the negative dispersion and the 
negative dispersion slope in the 
wavelength 1 .55 jim band are large, light 
is confined in a core part by means of the 
second side core (3), the effective core 

area is large, and the effective cut-off frequency is short because of the provision of the inner clad part (4). 
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(57) The present invention provides an optical fiber 
which has negative dispersion and negative dispersion 
slope in a wavelength band in use, and can carry out 
single-mode operation in which distortion due to the 
non-linear phenomenon can be suppressed so as to be 
suitable for wavelength multiplexed optical transmis- 
sions. When the relative index differences of center core 
(1), first side core (2), second side core (3), and inner 
cladding (4) from the silica level are A1 , A2, A3, and A4, 
1.7%^A1, A2^-0.3%, 0.25%^A3, and A4<0. Further- 
more, the value A, determined by dividing the diameter 



a1 of the center core 1 by the diameter a2 of the first 
side core 2, is set to 0.15^A^0.2, and the value B, de- 
termined by dividing the diameter a3 of the second side 
core 2 by the diameter a2 of the first side core 3, is set 
to 1 <B^2. By such an arrangement, the absolute values 
of the negative dispersion and negative dispersion slope 
in a wavelength band of 1 .55jim can be made large, and 
in addition, light is confined within the core by the second 
side core (3), the effective core sectional area is made 
larger, and inner cladding (4) is provided, whereby the 
effective cut-off wavelength is shortened. 
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Description 

Technical Field 

5 [0001] The present invention relates to an optical fiber which is suitable for wavelength multiplexed optica! transmis- 
sions in, for example, a wavelength band of a 1 .55ujti wavelength and a wavelength multiplexed optical transmission 
line using the same optical fiber. 

Background Art 

10 

[0002] As a transmission network for optical transmissions, a single-mode optical fiber having zero dispersion in a 
wavelength band of a 1.3ujn wavelength has been laid across the world. Recently, in accordance with development 
of the information society, information transmission capacities tend to significantly increase. In accordance with such 
an increase in information, wavelength multiplexed transmissions (WDM transmissions) are widely accepted in the 

15 transmission field, and now the age of wavelength multiplexed transmissions has been entered. Wavelength multi- 
plexed transmissions are the method for transmitting a plurality of light signals which are not on one wavelength but 
are divided into a plurality of wavelengths, which is suitable for large-capacity and high-rate transmissions. 
[0003] However, in the case where an existing single-mode optical fiber in operation for transmissions which has 
zero dispersion near 1 .3u.m is used and a wavelength band near 1 .3}im is used to carry out wavelength multiplexed 

20 optical transmissions, this wavelength band does not coincide with the 1 .55u.m wavelength band (for example, 1 530nm 
to 1570nm) of the gain bandwidth (including 1500nm to 1650nm) of a general optical amplifier using an erbium doped 
optical fiber. Therefore, in the case where optical transmissions are carried out by using a wavelength band near 1 .3u.m, 
the optical amplifier cannot be used, and therefore, trouble may occur in long-distance optical transmissions. In order 
to solve this problem, recently, wavelength multiplexed optical transmissions in a wavelength band of 1.55u.m are 

25 carried out by using an optical amplifier and an existing single-mode optical fiber having zero dispersion in a wavelength 
band of 1 .3}im. 

[0004] However, when optical transmissions are carried out in a wavelength band of 1 .55um by using the single- 
mode optical fiber having zero dispersion near 1 .3um, the existing single-mode optical fiber has positive dispersion of 
approximately 1 7ps/nm/km in a central wavelength of 1 .55um of the wavelength band of 1 .55um, and furthermore, the 

30 single-mode optical fiber has a positive dispersion slope of approximately 0.06ps/nm 2 /km in a wavelength band of 
1 .55um. Therefore, distortion in waveform of the light signals of the respective multiplexed wavelengths increases as 
the light signals are transmitted in the single-mode optical fiber, separation and distinction of the signals at the receiver 
side become difficult, the quality of optical transmissions deteriorates, and the reliability of optical transmissions is lost. 
[0005] Furthermore, as a transmission network for optical transmissions, a dispersion shifted optical fiber whose 

35 wavelength of zero dispersion is shifted to be close to 1 .55ujti which is the gain bandwidth of an optical amplifier has 
been proposed. When dispersion in wavelength in optical transmissions becomes close to zero, since a non-linear 
phenomenon called four wave mixing becomes easy to generate : in particular, in wavelength multiplexed transmissions, 
a dispersion shifted optical fiber having minute dispersion of a degree at which a non-linear phenomenon is not gen- 
erated in the wavelengths for optical transmissions has been demanded. 

40 [0006] However, if a dispersion shifted optical fiber having the abovementioned minute dispersion is used for long- 
distance optical transmissions, since the influence of the minute dispersion cannot be ignored, it is difficult to depend- 
ency use the dispersion shifted optical fiber having minute dispersion for long-distance large-capacity and high-rate 
transmissions. 

[0007] Therefore, in order to solve such a problem, a method has been proposed in which, to compensate for dis- 
45 persion in the wavelength band of 1 .55ujti of a 1 .3ujti zero dispersion single-mode optical fiber, an optical fiber having 
great negative dispersion in the wavelength band of 1 .55u.m is inserted into the single-mode optical fiber transmission 
line, whereby positive dispersion in the wavelength band of 1 .55u.m of the single-mode optical fiber is compensated, 
and deterioration in transmission signals due to chromatic dispersion is suppressed. 

[0008] As an example of the optical fiber for compensating the dispersion, for example, an optical fiber having a 
50 refractive index profile of a single-peak form as shown in Fig. 6 has been proposed. The optical fiber having a refractive 
index profile of a single-peak form is formed by covering the circumference of center core 1 with a refractive index 
greater than that of the silica level with outer cladding 5. The optical fiber of the proposed example is formed so that 
the refractive index of the outer cladding 5 is smaller than that of the silica glass. 

[0009] However, the dispersion value of the optical fiber having a refractive index profile of a single-peak form in the 
55 wavelength band of 1 .55u.m is approximately -80ps/nm/km at most as a limit value in practical use, and therefore, an 
optical fiber having a smaller dispersion value (absolute valu of negative dispersion is great) cannot be realized by 
means of a refractive index profile of a single-peak form. Therefore, in order to compensate for the positive dispersion 
of the single-mode optical fiber by an optical fiber with a refractive index profile of a single-peak form, the length required 
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for the optical fiber for dispersion compensation increases, so that it is difficult to reduce the size of an optical fiber for 
dispersion compensation in which the abovementioned optical fiber is coiled and housed. 

[0010] Furthermore, in the optical fiber with a refractive index profile of a single-peak form, the dispersion slope in 
the wavelength band of 1 ,55u,m is positive, so that it is difficult to compensate for the chromatic dispersion of the single 

5 mode optical fiber over a broadband of a 1 .55u,m wavelength band. 

[0011] Therefore, an optical fiber having a W-formed refractive index profile as shown in Fig. 7 has been proposed. 
The optical fiber having a W-formed refractive index profile is formed s'b that the circumference of center core 1 with 
a refractive index greater than that of the cladding level is covered by side core 12 having a refractive index smaller 
than that of the cladding level, and normally, the circumference of the side core 12 is covered by outer cladding 5 

10 having a refractive index which is almost equal to that of the silica level. 

[0012] In the optical fiber having the W-formed refractive index profile, the dispersion value in the wavelength band 
of 1 .55u.m can be smaller (absolute value of negative dispersion can be made greater) than that of the optical fiber 
having a refractive index profile of a single-peak form, whereby an optical fiber whose dispersion value at the wavelength 
of 1.55jim is approximately -120ps/nm/km has become practicable. Furthermore, in the optical fiber having the W- 

15 formed refractive index profile, the dispersion slope in the wavelength band of 1 .55u.m can be made negative, whereby 
the positive dispersion slope of the single-mode optical fiber can be compensated to a degree for practical use, so that 
dispersion over a broadband of a 1 .55|im wavelength can be compensated more than in the case of the optical fiber 
having a refractive index profile of a single-peak form. 

[001 3] Moreover, for example, in Japanese Laid-Open Patent Publication No. 31 3750 of 1 996, a method is proposed 
20 jn which an optical fiber having a W-formed refractive index profile whose detailed structure is properly determined is 
used to compensate for the chromatic dispersion and dispersion slope in the wavelength band of 1 .55jim of the single- 
mode optical fiber, whereby the chromatic dispersion and dispersion slope in the wavelength band of 1 .55jim are 
compensated to be almost zero. In addition, a report was presented in Electro-society Convention C-1 72 1996 by the 
Electronic Information Transmission Society, stating that chromatic dispersion in a wavelength band of 1 500 to 1 600nm 
25 was suppressed to be -1 to Ops/nm/km by compensating the dispersion of the single-mode optical fiber by using an 
optical fiber having a W-formed refractive index profile. 

[0014] However, the optical fiber having the W-formed refractive index profile is difficult to form so that a negative 
dispersion slope is provided which can completely compensate for the positive dispersion slope of an optical fiber to 
be compensated at the wavelength of 1 .55u.m being the central wavelength of the wavelength band of 1 .55|xm, and 

30 dispersion is less than -120ps/nm/km. 

[0015] Therefore, also in the case of using the optical fiber having the W-formed profile, the length of optical fiber 
required for compensation of dispersion of the single-mode optical fiber increases, so that it is difficult to reduce the 
size of an optical fiber module which is formed by coiling and housing said optical fiber in a case. 
[001 6] Furthermore, in both cases of the single-peak form and W-form of the prior-art optical fibers, the range of light 

35 transmission (effective core sectional area) in the single-mode is small, the power density of the light transmitted inside 
the optical fiber is high, and in addition, as mentioned above, the length of the optical fiber used is long, so that the 
non-linear phenomenon is easily generated inside the optical fiber. If so, distortion in signal waveform occurs due to 
this non-linear phenomenon, whereby transmissions cannot be correctly carried out, and therefore, the use of the 
dispersion compensating device using the optical fibers is inevitably limited. 

40 [0017] Moreover, it also can be considered that deterioration of transmission signals due to chromatic dispersion is 
prevented by using the optical fiber for compensating dispersion of a dispersion shifted optical fiber having minute 
dispersion, however, it is considered difficult to completely compensate for the dispersion and dispersion slope of a 
dispersion shifted optical fiber having minute dispersion by the optical fiber having a single-peak or W-formed refractive 
index profile. 

45 [001 8] The invention is made in order to solve the abovementioned problems, and a first object thereof is to provide 
an optical fiber which is short and can compensate for positive dispersion of a single-mode optical fiber having a zero 
dispersion wavelength at the side of a wavelength shorter than the wavelength band in use at a broadband of the 
wavelength band in use, and an optical fiber whose effective core sectional area is large, and which can reduce distortion 
in signal waveforms due to the non-linear phenomenon. A second object is to provide an optical transmission line, in 

so which distortion in signal waveforms due to dispersion over a broadband of a wavelength band in use and distortion 
in signal waveforms due to the non-linear phenomenon are less, and which is suitable for wavelength multiplexed 
transmissions. 

Disclosure of Invention 

55 

[0019] In order to achieve the above objects, the above problems are solved by the following constructions of the 
invention. That is, a first construction of the optical fiber of the invention is characterized in that, the optical fiber is 
formed so that the outer circumferential side of the center core is covered by a first side core, the outer circumferential 
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side of said first side core is covered by a second side core, and the outer circumferential side of said second side 
core is covered by an outer cladding, wherein, when the maximum refractive index of the center core is n1 , the minimum 
refractive index of the first side core is n2, the maximum refractive index of the second side core is n3, and the refractive 
index of the outer cladding is nc, n1 > n3 > no n2, and when the relative index difference of the center core from the 

5 outer cladding is A1 , the relative index difference of the first side core from the outer cladding is A2, and the relative 
index difference of the second side core from the outer cladding is A3. 1 .7% ^ A1 , A2 ^ -0.3%, and 0.25% ^ A3 : and 
furthermore, a value A determined by dividing the diameter a1 of the center core by the diameter a2 of the first side 
core is 0.15 ^ A ^ 0.5, and a value B determined by dividing the diameter a3 of the second side core by the diameter 
a2 of the first side core is 1 < B ^ 2. 

10 [0020] Preferably, the second side core has one or more extremely-large refractive index portions, and of the one 
or more extremely- large refractive index portions, maximum refractive index points are positioned at the side of the 
first side core from the center of the width in the direction of the diameter of the second side core. 
[0021] More preferably, the outer circumferential side of the second side core is covered by an inner cladding, the 
outer circumferential side of said inner cladding is covered by the outer cladding, and the refractive index of the inner 

15 cladding is set to be smaller than that of the outer cladding. 

[0022] In addition, chromatic dispersion in the wavelength band in use is set to be less than -120ps/nm/km. 
[0023] Furthermore, a D/S value determined by dividing the chromatic dispersion D in a wavelength band in use by 
the chromatic dispersion slope S is set to be 0 to 500nm, more preferably, 0 to 300nm. 

[0024] It is extremely preferable that the wavelength band in use of the optical fiber of the invention is set to be a 
20 wavelength band of 1 .55u.m. 

[0025] Moreover, a first construction of the optical transmission line of the invention is characterized in that the dis- 
persion slope in the wavelength band in use is reduced to be almost zero by connecting the optical fiber of the invention 
to a single-mode optical fiber having zero dispersion in a wavelength band at the side of a wavelength shorter than 
the wavelength band in use. 

25 [0026] Furthermore, a second construction of the optical transmission line of the invention is characterized in that 
the optical fiber of the abovementioned construction of the invention and an optical fiber whose D/S value determined 
by dividing chromatic dispersion D in the wavelength band in use by the chromatic dispersion slope S is larger than 
300nm or an optical fiber whose D/S value is negative are connected to a single-mode optical fiber having zero dis- 
persion in a wavelength band at the side of a wavelength shorter than the wavelength band in use. 

30 [0027] The present inventor noticed that the absolute value of negative dispersion per unit length in the wavelength 
band of 1 ,55|im could be made to be relatively large if the refractive index profile of an optical fiber was formed as a 
W-formed refractive index profile, and examined change in the absolute value of negative dispersion per unit length 
in the wavelength band of 1 .55u,m when the detailed structure of the W-shaped refractive index profile was changed. 
As a result, the inventor could confirm that the absolute value became larger when the core diameter including the 

35 center core and side core was reduced. However, in this case, it was proved that the light confinement effect into the 
center core with a high refractive index became weaker, and the light transmission conditions were not satisfied, so 
that light was not transmitted, or although light was transmitted, themacrobend loss increased extremely, and therefore, 
it became impossible to coil the optical fiber to form a dispersion compensated module. 

[0028] Therefore, a method was established in that, at the outer circumference of the side core in the W-formed 
40 refractive index profile, a segment core having a refractive index higher than that of the side core was provided, and 
light which leaked from the center core of the W-formed refractive index profile and could not be transmitted was 
confined (not allowed to escape to the cladding side) by the segment core with a high refractive index, whereby the 
light was transmitted and the abovementioned macrobend loss was reduced. In addition, it was proved that, by this 
method, light was transmitted while spreading toward portions other than the center portion of the center core, whereby 
45 the effective core sectional area substantially became larger, and the power density of the light to be transmitted was 
reduced. 

[0029] Based on the abovementioned examination, in the optical fiber of the invention, side core 12 in the W-formed 
refractive index profile is referred to as a first side core, the segment core is referred to as a second side core, and the 
relationship between the maximum refractive index nl of the center core, the minimum refractive index n2 of the first 

so side core, the maximum refractive index n3 of the second side core, and the refractive index nc of the outer cladding 
is set to n1 > n3 > nc > n2. In addition, the value A determined by dividing the diameter a1 of the center core by the 
diameter a2 of the first side core is set to 0.15 ^ A ^ 0.5, the value B determined by dividing the diameter a3 of the 
second side core by the diameter a2 of the first side core is set to 1 < B s 2, whereby enlargement of the effective 
cor sectional area is made possible. 

55 [0030] Furthermore, by concretely determining the relative index difference A1 of the center core from the outer 
cladding, the relative index difference A2 of the first side core from the outer cladding, and the relative index difference 
A3 of the second side core from the outer cladding to be 1 .7% ^ A1 , A2 ^ -0.3% : and 0.25% ^ A3, respectively, the 
dispersion value per unit length of the optical fiber can be made as small as, for example, less than -120ps/nm/km (the 
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absolute value of negative dispersion can be made larger), and the absolute value of the negative dispersion slope 
can be made larger. 

[0031] By optimizing the refractive index profile based on the abovementioned examination by the present inventor, 
in the optical fiber of the invention, since the absolute value of negative dispersion per unit length in the wavelength 
5 band in use and the absolute value of the negative dispersion slope are made large, the optical fiber can be formed 
so that the positive dispersion of a 1 .3jim band zero dispersion single-mode optical fiber can be compensated over a 
broadband of a wavelength band of 1.55jim, for example, or distortidn due to the non-linear phenomenon can be 
reduced by enlarging the effective core sectional area. 

[0032] In addition, according to the optical fiber arranged so that the second side core is provided with one or more 
10 extremely-large refractive index portions, in comparison with an optical fiber in which the second side core is flat in 
refractive index profile and has no extremely-large refractive index portions, the absolute value of negative dispersion 
and the absolute value of dispersion slope can be made large. 

[0033] Furthermore, according to the optical fiber arranged so that the maximum refractive index points of one or 
more extremely-large refractive index portions of the second side core are at the side of the first side core from the 
15 center part in the diameter direction of the second side core, an optical fiber is more securely realized in which, while 
the effective cut-off wavelength is maintained at the short wavelength side, the absolute value of negative dispersion 
and the absolute value of the negative dispersion slope are made large. 

[0034] Furthermore, according to an optical fiber arranged so that the outer circumferential side of the second side 
core is covered by an innercladding, the outercircumferential side of said inner cladding is covered by an outer cladding, 

20 and the refractive index of the inner cladding is set to be smaller than that of the outer cladding, and by providing the 
inner cladding, light of an LP t1 mode having electric field distribution over a wide range in the direction of the core 
diameter is made to easily leak to shorten the effective cut-off wavelength, whereby an optical fiber can be more 
securely realized in which the absolute value of negative dispersion and the absolute value of the negative dispersion 
slope are large while an operation in the single-mode can be performed without fail. 

25 [0035] Furthermore, according to the optical fiber arranged so that chromatic dispersion in the wavelength band in 
use is set to be less than -120ps/nm/km, the absolute value of the negative chromatic dispersion in the wavelength 
band in use is thus made large, whereby positive dispersion of a 1 .3u,m band zero dispersion single-mode optical fiber 
can be compensated by the short optical fiber. 

[0036] Furthermore, according to the optical fiber, the D/S value of which is determined by dividing chromatic dis- 
30 persion D in the wavelength band in use by the chromatic dispersion slope S is set to 0 to 500nm, positive dispersion 
of an optical fiber such as a 1 .3um band zero dispersion single-mode optical fiber can be compensated by the short 
optical fiber. Particularly, according to an optical fiber whose D/S value is set to 0 to 300nm, the positive dispersion 
and positive dispersion slope of a 1 .3u.m band zero dispersion single-mode optical fiber can be compensated by the 
optical fiber with a shorter length. 
35 [0037] Furthermore, according to the optical fiber whose wavelength band in use is set to a wavelength band of 
1 .55u.m, by applying this optical fiber for wavelength multiplexed optical transmissions using an optical amplifier 
equipped with an erbium doped optical fiber, the positive dispersion and positive dispersion slope of a 1.3uxn band 
zero dispersion single-mode optical fiber can be compensated by the short optical fiber. 

[0038] Furthermore, according to the optical transmission line of the invention, by using the abovementioned optical 
40 fiber, the dispersion and dispersion slope over a broadband of the wavelength band in use can be reduced to be almost 
zero, so that an optical transmission line suitable for wavelength multiplexed transmissions in which distortion due to 
dispersion is less can be obtained, and in particular, according to the optical transmission line arranged so that the 
dispersion slope and dispersion value in the wavelength band in use are reduced to be almost zero, by reducing both 
dispersion and dispersion slope to be almost zero, an optical transmission line extremely suitable for wavelength mul- 
45 tiplexed transmissions in which distortion due to dispersion is almost zero. 

Brief Description of the Drawings 

[0039] Fig. 1 is a constructional diagram showing the refractive index profile of the first embodiment of the optical 
50 fiber relating to the invention, Fig. 2 is a constructional diagram showing the refractive index profile of the second 
embodiment of the optical fiber relating to the invention, Fig. 3 is a graph showing an example of properties of the 
optical transmission line formed by connecting the optical fiber of the first embodiment to a 1 .3u.m band zero dispersion 
single-mode optical fiber, Fig. 4 is a graph showing an example of properties of the optical transmission line formed 
by connecting two types of optical fibers having properties different from each other of the first embodiment to a 1 .3u.m 
55 band zero dispersion single-mode optical fiber, Fig. 5 are explanatory diagrams showing refractive index profiles from 
the optical fiber center to the middle portion of the cladding by means of a concrete example (a) of the optical fiber of 
the first embodiment and a comparative example (b), Fig. 6 is an explanatory diagram showing the refractive index 
profile of the optical fiber of the single-peak form, and fig. 7 is an explanatory diagram showing the refractive index 
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profile of the optical fiber of the W-form. 

Best Mode for Carrying Out the Invention 

5 [0040] The invention shall be described in more detail with reference to the attached drawings showing the embod- 
iments. In the description below of each embodiment, components that are the same as in the prior-art example have 
the same symbols attached, and overlapping description thereof is omitted or simplified. 

[0041] Fig. 1 shows the refractive index profile of the first embodiment of the optical fiber relating to the invention. 
As shown in the same figure, the optical fiber of the present embodiment is formed so that the outer circumferential 

10 side of the center core 1 is covered by the first side core 2, the outer circumferential side of the first side core 2 is 
covered by the second side core 3, and the outer circumferential side of the second side core 3 is covered by outer 
cladding 5. The outer cladding 5 is formed from silica, the center core 1 and second side core 3 are formed so as to 
have refractive indexes higher than that of silica, and the first side core 2 is formed so as to have a refractive index 
lower than that of silica. The relationship between refractive index (maximum refractive index) n1 of the center core 1 , 

15 the refractive index (minimum refractive index) n2 of the first side core 2, the refractive index (maximum refractive 
index) n3 of the second side core, and the refractive index nc of outer cladding 5 is n1 > n3 > no n2. These refractive 
indexes are values when the refractive index in vacua is 1 . 

[0042] Furthermore, when the relative index difference of the center core t from the cladding level (that is, the com- 
parative refractive index difference of the center core 1 from the outer cladding 5) is A1 , the relative index difference 
20 of the first side core 2 from the cladding level (that is, the relative index difference of the first side core 2 from the outer 
cladding 5) is A2, and the relative index difference of the second side core 3 from the cladding level (that is, the relative 
index difference of the second side core 3 from the outer cladding 5) is A3, the optical fiber is formed so that 1 .7% ^ 
A1, A2 ^ -0.3%, and 0.25% ^ A3. 

[0043] The respective relative index differences A1 , A2, and A3 are defined by the following formulas (1) through (3), 
25 and the formulas are in units of %. 



30 



35 



40 



45 



50 



A1 =[{(n1) 2 -(nc) 2 }/2(nc) 2 ] x 100 (1) 



A2 = [{(n2) 2 - (nc) 2 } / 2(nc) 2 ] x 1 00 (2) 



A3 = [{(n3) 2 - (nc) 2 } / 2(nc) 2 ] x 1 00 (3) 



55 



[0044] Furthermore, in the present embodiment, the value A determined by dividing the diameter a1 of the center 
core by the diameter a2 of the first side core (A=a1/a2) is 0.1 5^A ^0.5, and the value B determined by dividing the 
diameter a3 of the second side core by the diameter a2 of the first side core (B=a3/a2) is 1 < B ^ 2. 
[0045] In order to realize the above refractive index profiles, in the present embodiment, the center core 1 and second 
side core 3 are formed from germanium-doped silica, and the first side core 2 is formed from fluorine-doped silica. In 
addition, the center core 1 and first side core 2 can be doped with germanium and fluorine, or the center core 1 , first 
side core 2, and second side core 3 can be doped with germanium and fluorine. 

[0046] When determining the refractive index profile of the optical fiber of the present embodiment as mentioned 
above, the present inventor confirmed that, if the core diameter including the center core and side core of the optical 
fiber of a W-formed refractive index profile was made smaller, for example, the absolute value of negative dispersion 
at a wavelength of 1 .55pm which is the center wavelength of the wavelength band of 1 .55jxm became larger. Further- 
more, in order to solve the problem due to the small core diameter, that is, in order to prevent insufficient transmission 
of light and an increase in macrobend loss which are caused by the light confinement effect into the center core be- 
coming lower, it was determined that a second side core 3 with a refractive index higher than that of the first side core 
is provided at the outer circumference of the side core (first side core 2). 

[0047] Then, as mentioned above, the relationship between the maximum refractive index nl of the center core, the 
minimum refractive index n2 of the first side core, the maximum refractive index n3 of the second side core, and the 
refractive index nc of the outer cladding was set to nl > n3 > no n2, and next, the concrete value of the relative index 
difference A1 of the center core (the refractive index of the center core with respect to the refractive index of the outer 
cladding 5) was examined. As a result, it was proved that, in the case where A1 was less than 1.7%, dispersion per 
unit length of the optical fiber in the wavelength band of 1 .55pm could not be set to be less than -120ps/nm/km (the 
absolute value of negative dispersion could not be set to be larger than 1 20), and the macrobend loss in this wavelength 



BNSDOCID: <EP 1 107028A1_I_> 



EP 1 107 028 A1 



band in the case of a 20mm diameter became larger than 0.5dB/m, so that the optical fiber thus arranged was not 
suitable for use in the coiled condition for compensation of dispersion. Therefore, in the present embodiment, 1 .7% ^ 
A1. 

[0048] Likewise, concrete values of A2 and A3 were examined, and it was proved that when A2 was more than 
5 -0.3% or A3 was less than 0.25%, great negative dispersion or dispersion slope could not be obtained in the wavelength 
band of 1 .55pm, or the transmission loss due to bending and microbend easily increased. Therefore, in the present 
embodiment, A2 ^ -0.3% and 0.25% ^ A3. 

[0049] Furthermore, it was proved that, if the value A determined by dividing the diameter a1 of the center core 1 by 
the diameter a2 of the first side core was less than 0.15, the second side core 3 became too distant from the center 

w core 1 , so that the light confinement effect into the core by the second side core 3 could not be utilized. Concretely, if 
so, the dispersion value at a wavelength of 1 .55jim became approximately -80ps/nm/km as in the case of the optical 
fiber having a refractive index profile formed of a single-peak. On the other hand, it was proved that, if the value A 
exceeded 0.5, the effect in that the absolute value of the negative dispersion and absolute value of the negative dis- 
persion slope of the W-formed refractive index profile could be made large in accordance with a reduction in diameter 

15 could not be obtained. Therefore, 0.15 ^ A ^ 0.5. 

[0050] Furthermore, since it was also proved that, in the case where the value B determined by dividing the diameter 
a3 of the second side core 3 by the diameter a2 of the first side core 2 was more than 2, the light confinement effect 
into the core by the second side core 3 could not utilized, and therefore, 1 < B =i 2. 

[0051] According to the present embodiment, the ratio of refractive index profile and core diameter of the optical fiber 
20 are determined based on the above results of examination, for example, by setting the dispersion value at a wavelength 
of 1.55u.m which is the central wavelength of a wavelength band of 1 .55u.m to be less than -120ps/nm/km, the absolute 
value of negative dispersion can be made larger and the absolute value of the negative dispersion slope in a wavelength 
band of 1 .55u.m can be made larger. Accordingly, by the optical fiber of the present embodiment which has a short 
length, the positive chromatic dispersion and positive dispersion slope of the single-mode optical fibercan be effectively 
25 compensated. 

[0052] In addition, according to the present embodiment, the macrobend loss in the wavelength band of 1 .55u.m can 
be reduced, so that an optical fiber which is extremely suitable for use by being coiled can be obtained. 
[0053] Furthermore, since the refractive index profile of the present embodiment has a construction in that a core 
layer with a refractive index higher than that of side core layer 1 2 is provided at the outer circumference of the side 

30 core layer 12 whose refractive index is low in the W-formed refractive index profile shown in Fig. 7, the core layer 
(second side core 3) outside the core layer (first side core 2) with the low refractive index confines light that is in a 
condition where it has leaked from the center core of the W-formed refractive index profile and cannot be transmitted 
(that is, prevents light leakage toward the cladding side), whereby the light is transmitted while widely spreading to the 
portion other than the center of the center core 1 , and therefore, the effective core sectional area is substantially 

35 increased to reduce the power density of the light to be transmitted. In the present embodiment, if the absolute value 
of A3 is set to be larger than that of A2 : that is, if IA3I > IA2I, other properties when the absolute value of the negative 
dispersion and the absolute value of the negative dispersion slope are made large are improved. This is preferable. 

(Concrete Examples) 

40 

[0054] Hereinafter, concrete examples in which the embodiments take shape shall be described. Properties of the 
optical fiber are shown in Table 1 as concrete examples 1 through 6 of the first embodiment when the relative index 
difference A1 of the center core 1 , relative index difference A2 of the first side core 2, relative index difference A3 of 
the second side core 3, diameter a1 of the center core 1 , diameter a2 of the first side core 2, and diameter a3 of the 
45 second side core 3 are variously changed within the abovementioned range. Units are shown in parentheses in the 
table. 

[0055] Herein, chromatic dispersion in Table 1 is shown as a value of chromatic dispersion at a wavelength of 1 .55u,m, 
and the dispersion slope at a wavelength of 1 .55u.m is shown . D/S is the D/S value determined by dividing the dispersion 
value D at the wavelength of 1 .55pm by the dispersion slope S. In this specification, the D/S value, that is, the value 
so determined by dividing the chromatic dispersion D in the wavelength band in use by the chromatic dispersion slope S 
shows the value determined by dividing the chromatic dispersion D at each wavelength in the wavelength band in use 
by the chromatic dispersion slope S at said wavelength, and its representative value is the value determined by dividing 
the dispersion value D at the wavelength of 1 .55u.rn by the dispersion slope S at the wavelength of 1 .55u.m shown in 
Table 1 . 

55 
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(Table 1) 



5 




A1 (%) 


A2 (%) 


A3 (%) 


a1 (Lim) 


a2 (Lim) 


a3 (urn) 


Chromatic 
dispersion 
(ps/km/ 
nm) 


Dispersion 
slope (ps/ 
km/nm 2 ) 


D/S 
(nm) 


10 


Concrete 
Example 
1 


2.3 


-0.45 


0.6 


3 


9.6 


12 


-187 


-0.554 


338 




Concrete 
Example 
2 


2 


-0.45 


0.B 


3.13 


10 


12.5 


-150 


-1.410 


106 


15 


Concrete 
Example 
3 


2.8 


-0.55 


0.8 


2.5 


8 


10 


-265 


-0.463 


573 


20 


Concrete 
Example 


2.74 4 


-0.56 


0.75 


2.64 


9.4 


11.75 


-167 


-1.017 


165 


Concrete 
Example 
5 


2.76 


-0.54 


0.82 


2.53 


8.7 


11.43 


-215 


-0.706 


305 


25 


Concrete 
Example 
6 


1.7 


-0.3 


0.5 


3.375 


12 


15 


-96 


-0.637 


151 



[0056] Furthermore, in Table 2, as comparative examples, the structure and properties of an optical fiber (comparative 
example 1) having the single-peak refractive index profile (see Fig. 6) of a matched cladding type and the structure 

30 and properties of an optical fiber (comparative example 2) of the W-formed refractive index profile (see Fig. 7) are 
shown. In comparative example 1 in this table, A1 shows the relative index difference of the center core 1 from the 
silica level, A2 shows the relative index difference of the outer cladding 5 from the silica level, a1 is the diameter of the 
center core 1 , and a2 is the diameter of the outer cladding 5, and in comparative example 2, A1 shows the relative 
index difference of the center core 1 from the silica level, A2 is the relative index difference of the side core 12 from 

35 the silica level, a1 is the diameter of the center core 1 , and a2 is the diameter of the side core 1 2. Chromatic dispersion, 
dispersion slope, and D/S are determined in the same manner as in Table 1 , and Aeff of Table 2 shows the effective 
core sectional area in the wavelength band of 1 .55jim. 



(Table 2) 



40 




A1 (%) 


A2 (%) 


a1 (u,m) 


a2 (jim) 


Chromatic 
dispersion 
(ps/km/nm) 


Dispersion 
slope 


D/S (nm) 


Aeff (u.m 2 ) 


45 


Comparative 
Example 1 


2.8 


-0.4 


2.5 


125 


-78 


0.053 


-1472 


12.1 




Comparative 
Example 2 


2.0 


-0.56 


2.6 


8.4 


-105 


-0.345 


304 


14.8 



[0057] On supposition that refractive index in vacuum is 1, when the refractive index of silica is ns, the refractive 
index of the center core 1 is n1, the refractive index of the cladding 5 in comparative example 1 , and the refractive 
index of the side core 1 2 is n2 in comparative example 2, the relative index differences A1 and A2 in Table 2 are defined 
by the following formulas (4) and (5), and they are in units of %. 



55 A1 = [{(n1 ) 2 - (ns) 2 ) / 2(ns) 2 ] x 1 00 (4) 
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A2 = [{(n2) 2 - (ns) 2 } / 2(ns) 2 ] x 1 00 (5) 

[0058] As shown in Table 1, in all optical fibers of concrete examples 1 through 5, the chromatic dispersion at a 
5 wavelength of 1.55um is less than -120ps/nm/km, the dispersion slope in the wavelength band of 1.55pm takes a 
negative value, and the absolute value of the dispersion slope is more than that of comparative examples 1 and 2. In 
addition, in the optical fiber of concrete example 6, chromatic dispersfon at the wavelength of 1.55u.m take a value 
more than -120ps/nm/km, however, the absolute value of the negative dispersion slope in the wavelength band of 
1 .55pm is large. 

10 [0059] Thus, the optical fibers of the present embodiment shown by concrete examples 1 through 6 can be formed 
so that one or both of the absolute value of the negative dispersion at the wavelength of 1 .55u,m and the absolute value 
of the negative dispersion slope in the wavelength band of 1 .55uxn are large in comparison with comparative examples 
1 and 2. 

[0060] In concrete examples 2, 4, and 6, the D/S values are as small as 0 to 300. If an optical fiber, whose dispersion 
15 and dispersion slope in the wavelength band in use are negative, and a D/S value as small as 0 to 300, is used, positive 
dispersion and positive dispersion slope in the wavelength band of 1.55u,m of a 1.3u.m band zero dispersion single- 
mode optical fiber can be compensated by the abovementioned short optical fiber. 

[0061] In addition, the D/S value being small and the absolute value of negative dispersion being large means that 
the absolute value of negative dispersion and the absolute value of the negative dispersion slope are large, so that 

20 the abovementioned effect can be obtained. The smaller the D/S value within the abovementioned range, the more 
the range of dispersion properties of a single-mode optical fiber being able to be compensated can be expanded and 
the range of the means for compensating the dispersion properties of the single-mode optical fiber can be expanded, 
however, for example, even when the D/S value is larger than the abovementioned range, if the D/S value is within a 
range of 0 to 500, the positive dispersion and positive dispersion slope in the wavelength band of 1 .55|im of a 1 .3ujti 

25 band zero dispersion single-mode optical fiber can be compensated by the short optical fiber. 

[0062] As a concrete example of an optical fiber in which the dispersion and dispersion slope in a wavelength band 
of 1 .55um are negative, and the D/S value is small, the present inventor made an optical fiber in which chromatic 
dispersion at a wavelength of 1550nm was -135.7ps/nm/km, the dispersion slope in a wavelength band of 1 .55pm was 
-0.513ps/nm 2 /km, and the D/S value was set to approximately 265, and connected this optical fiber to the abovemen- 

30 tioned single-mode optical fiber to form an optical transmission line, and as a result, the chromatic dispersion properties 
in this optical transmission line became as shown by the solid line of Fig. 3. This optical transmission line was formed 
so that the ratio of the length of the single-mode optical fiber and the length of the optical fiber was set to be 9 to 1 . 
[0063] As is clearly understood from the same figure, it is proved that, if the optical fiber of the present embodiment 
is used, the dispersion slope in the wavelength band of 1 .55u.m of the single mode optical fiber could be compensated 

35 by the short optical fiber, the dispersion slope could be reduced to be almost zero, and deflection due to the chromatic 
dispersion could be suppressed to be low. 

[0064] Furthermore, as still another concrete examples of the present embodiment, an optica! fiber A, in which chro- 
matic dispersion at a wavelength of 1550nm was -171ps/nm/km, dispersion slope in a wavelength band of 1.55u,m 
was -0.851 ps/nm 2 /km, and the D/S value was set to approximately 200, and an optical fiber B, in which the chromatic 

40 dispersion at a wavelength of 1550nm was -196ps/nm/km, the dispersion slope at a wavelength of 1.55u,m was 
-0.1 09ps/nm 2 /km, and the D/S value was set to approximately 1 798, were manufactured. Then, these optical fibers A 
and B were connected to the single-mode optical fiber to form an optical transmission line. As a result, the chromatic 
dispersion properties of this optical transmission line became as shown by the solid line of Fig. 4. 
[0065] This optical transmission line was formed by connecting the single-mode optical fiber having a length of 1 6km, 

45 the optical fiber A having a length of 1 km, and the optical fiber B having a length of 0.555km. As is clearly understood 
from the same figure, if the optical fiber of the present embodiment is used, the chromatic dispersion and dispersion 
slope in the wavelength band of 1 .55ujn of the single-mode optical fiber can be compensated by the optical fibers with 
short lengths, the dispersion slope can be reduced to be almost zero (the absolute value of the dispersion slope can 
be made to be ±0.01 or less), and the dispersion value can also be reduced to be almost zero. 

50 [0066] If the single-mode optical fiber having a length of 16km is compensated by only the optical fiber of the W- 
formed refractive index profile shown in Fig. 7, a length of 2.7km becomes necessary for the optical fiber. Therefore, 
by using the optical fiber of the present embodiment, the required length of the optical fiber can be shortened by 40%, 
whereby reduction in size of a dispersion compensating device using the optical fiber and reduction in non-linear phe- 
nomenon occurring inside the optical fiber can be realized. 

55 [0067] In Table 3, as still further examples of the present embodiment, examples (concrete xamples 7 and 8) of the 
optical fiber in which the effective core sectional area Aeff in the wavelength band of 1 .55um is enlarged are shown. 
In Table 3, relative index differ nces A1 through A3 are determined by the abovementioned formulas (1) through (3). 



9 
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In addition, values of chromatic dispersion, dispersion slope, D/S, and Aeff are determined in the same manner as in 
Tables 1 and 2. 



(Table 3) 



5 




A1 (%) 


A2 (%) 


A3 (%) 


a1 (u.m) 


a2 (u.m) 


a3 (|im) 


Chromatic 
dispersion (ps/ 
km/nm) 


Aeff (nrr»2) 


10 


Concrete 
Example 7 


2.8 


-0.55 


0.96 


2.2 


7.3 


10.2 


-90 


115 




Concrete 
Example 8 


2.3 


:0.45 


0.75 


2.6 


8.4 


10.5 


-110 


82 



[0068] According to these concrete examples, in comparison with the abovementioned comparative examples 1 and 
2, the effective core sectional area in the wavelength band of 1 .55jim can be significantly enlarged, whereby distortion 
due to the non-linear phenomenon can be reduced. 

[0069] In Table 4, as still further concrete examples of the present embodiment, properties of optical fibers of concrete 
examples 9a and 9b are shown, each of which is formed so that, as shown in Fig. 5(a), the second side core 3 is 
provided with an extremely- large refractive index portion, maximum refractive index point 3a of this extremely- large 
refractive index portion is positioned at the side of the first side core 2 from the center (C in the figure) of the width in 
the direction of the diameter of the second side core 3. 



(Table 4) 





Peak position 


Effective cut-off 
wavelength (nm) 


Dispersion (ps/km/ 
nm) 


Dispersion slope 
(ps/km/nm 2 ) 


D/S (nm) 


Concrete Example 
9a 


0.07 


1529 


-185.2 


-1.186 


156.2 


Concrete Example 
9b 


0.31 


1523 


-214.1 


-0.975 


219.6 


Comparative 
Example 3 


0.51 


1515 


-288.4 


0.412 


-700.0 


Comparative 
Example 4 


0.96 


1526 


-140.3 


1.916 


-73.2 


Comparative 
Example 5 




1519 


-3.3 


0.152 


-21.8 



40 [0070] The chromatic dispersion shown in Table 4 is the chromatic dispersion value at a wavelength of 1 .55pm, the 
dispersion slope is the dispersion slope at a wavelength of 1 .55pm, and D/S is the D/S value determined by dividing 
the dispersion value D at the wavelength of 1 ,55u.m by the dispersion slope S. The peak position shown in Table 4 
shows the position of the maximum refractive index point 3a of the second cladding 3 as shown in Fig. 5(a) on the 
supposition that the position of the interface between the first side core 2 and second side core 3 is 0, and the position 

45 of the interface between the second side core 3 and outer cladding 5 is 1 . 

[0071] In addition, in Table 4, as comparative examples 3 and 4, properties of an optical fiber are shown in which 
the maximum refractive index point of the maximum refractive index point of the second side core 3 is positioned at 
the side of the outer cladding 5 from the center (C in the figure) of the width in the diameter direction of the second 
side core 3, and as comparative example 5, properties of an optical fiber with a flat distribution of the refractive index 

so as shown in Fig. 5 (b) are shown, in which the second side core 3 is provided with no extremely-large refractive index 
portions. 

[0072] As for the optical fibers shown in Table 4, although concrete refractive index profiles are not shown, all the 
profiles are determined so that the effective cut-off wavelength becomes less than 1550nm within the range of the 
refractive index profile determined in the first embodiment. 
55 [0073] The present inventor found that, by setting the relative index differences A1 , A2, and A3 and the parameters 
of the diameter a1 of the center core 1 , diameter a2 of the first side core 2, and diameter a3 of the second side core 
3 to be within the range specified in the first embodiment, the absolute value of negative dispersion and absolute value 
of the negative dispersion slope per unit length in the wavelength band in use of, for example, 1 .55um were set to be 
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large, and it becomes possible to compensate for the positive dispersion of the single-mode optical fiber over a broad- 
band of the wavelength band in use, the effective cut-off wavelength might be at the side of a wavelength longer than 
the wavelength band in use depending on the set values of the abovementioned parameters. 

[0074] Therefore, the present inventor variously examined how to make single-mode operation possible by setting 
5 the effective cut-off wavelength to be at the side of a wavelength shorter than the wavelength band in use, and as 
shown in concrete examples 9a and 9b, found that the position of the maximum refractive index point 3a of the second 
side core 3 was set at the side of the first side core 2 from the center of the width in the diameter direction of the second 
side core, whereby the effective cut-off wavelength was moved to the shorter wavelength side, and as mentioned 
above, the absolute value of the negative dispersion and the absolute value of the negative dispersion slope per unit 
10 length in the wavelength band in use, for example, the wavelength band of 1 .55u,m could be made large. 

[0075] The inventor considers the reason for this to be as follows. That is, among the propagation modes of the 
optical fiber, the LP Qm (m=2, 3...) or LP^ mode has electric field distribution in a wide range in the direction of the 
optical fiber diameter, so that, by setting the maximum refractive index point of the second side core 3 at the side of 
the first side core 2 from the center of the width in the diameter direction of the second side core 3, while influences 
15 of light transmitted through the optical fiber onto the LP 01 mode are suppressed, light is prevented from propagating . 
in the LP Qm mode and LP^ mode, whereby single mode operation becomes possible. 

[0076] Concrete examples 9a and 9b determine the component parameters based on this consideration, and there- 
fore, concrete examples 9a and 9b can show the abovementioned excellent effect as shown in Table 4. 
[0077] Additionally describing the results shown in Table 4, in comparative examples 3 and 4, upon setting the position 

20 of the maximum refractive index point 3a of the second side core 3 as shown in Table 4, the refractive index profile is 
determined so that effective cut-off wavelength becomes less than 1550nm, whereby the dispersion slope becomes a 
positive value as shown in Table 4, and in addition, in comparative example 4, the absolute value of the dispersion 
value also becomes smaller. Furthermore, in comparative example 5, in accordance with the refractive index profile 
shown in Fig. 5(b), the refractive index profile is determined so that the effective cut-off wavelength becomes 1550nm, 

25 whereby the dispersion slope becomes a positive value in the same manner as mentioned above, and the absolute 
value of the dispersion value becomes extremely small. 

[0078] On the other hand, concrete examples 9a and 9b show the abovementioned excellent effect, wherein, by 
properly setting the position of the maximum refractive index point 3a of the second side core 3 at the side of the first 
side core 2 from the center of the width in the diameter direction of the second side core 3, desired properties can be 
30 obtained. 

[0079] Next, the second embodiment of the optical fiber relating to the invention shall be described. In Fig. 2, the 
refractive index profile of the second embodiment is shown. The second embodiment is constructed in almost the same 
manner as in the first embodiment, and the characteristic points of difference of the second embodiment from the first 
embodiment are in that the outer circumferential side of the second side core 3 is covered by the inner cladding 4, the 
35 outer circumferential side of the inner cladding 4 is covered by the outer cladding 5, and the refractive index of the 
inner cladding 4 is set to be smaller than the refractive index nc of the outer cladding 5. 

[0080] The refractive index of the inner cladding 4 is n4, and on the supposition that the relative index difference of 
the inner cladding 4 from the outer cladding 5 is A4, A4 > A2. A4 is defined by the following formula (6). 

40 o o o 

A4 = [{(n4) z - (ncn / 2(nc)^] X 1 00 (6) 

[0081] The second embodiment is thus arranged, and is characterized in that, by providing the inner cladding 4 with 
a low refractive index at the outer circumferential side of the second side core 3, light of an LP n mode having electric 
45 field distribution in a wide range in the direction of the core diameter is made to easily leak to shorten the effective cut- 
off wavelength. 

in the case where the second side core 3 with a high refractive index is provided at the circumference of the first 
side core 2 as in the invention, high negative dispersion and high negative slope are realized, however, depending on 
the refractive index profile of the optical fiber, the effective cut-off wavelength may become longer. If so, the optical 
50 fiber cannot carry out single-mode operation, so that, in order to securely prevent the effective cut-off wavelength from 
lengthening, the inner cladding 4 with a low refractive index is provided at the outer circumferential side of the second 
side core 3 as mentioned above, whereby the effective cut-off wavelength is made shorter, and the refractive index 
profile is determined so that the optical fiber can easily carry out single-mode operation. 

55 (Concrete example) 

[0082] In Table 5, as a concrete example of the second embodiment, the construction and properties of an optical 
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fiber of concrete example 1 1 are shown together with concrete example 1 0 of the optical fiber of the abovementioned 
first embodiment. In addition, the relative index differences A1 through A3 are determined by the abovementioned 
formulas (1) through (3). The values of chromatic dispersion dispersion slope, D/S : and Aeff are determined in the 
same manner as in Tables 1 and 2. 
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5 



10 



25 



35 



45 



50 



55 



Effective 
cut-off 
wavelength 
(nm) 


1621 


1468 


£ 

CD 
< 


CO 


CO 


D/S (nm) 


CO 
CO 


m 
a> 
i— 


Dispersion 
slope (ps/ 
km/nm 2 ) 


-1.185 


-1.037 


Chromatic 
dispersion 
(ps/km/ 
nm) 


o 
o 
cvj 


-203 


75 


I 




e* 

CO 


12.7 


12.7 


CVJ 
CO 


10.2 


10.1 


1 


2.86 


2.85 


A4 (%) 


I 


-0,08 


A3 (%) 


0.72 


0.72 


& 
% 


-0. 59 


-0.59 


Co" 
< 


2.83 


2.83 




Concrete 
Example 
10 


Concrete 
Example 
11 
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[0083] As is clearly understood from this Table 5, by providing the inner cladding 4 : the effective cut-off wavelength ' 
can be made shorter, and furthermore, the Aeff can be made larger. In addition, in the case where the inner cladding 
4 with a low refractive index is provided at the outer circumferential side of the second side core 3 ; it is not always 
necessary that the maximum refractive index point 3a of the second side core 3 be set at the side of the first side core 

5 2 from the center C of the width in the diameter direction of the second side core 3, however, in order to increase the 
diameter of the Aeff, it is desirable that the maximum refractive index point 3a of the second side core 3 is positioned 
at the side of the first side core 2 from the center C of the width in the diameter direction of the second side core 3. 
[0084] The present invention is not limited to the abovementioned embodiments, but can employ various embodi- 
ments. For example, in the data shown in Fig. 4, the optical fiber of the invention whose D/S value is set to 0 to 300 

10 and an optical fiber whose D/S value is more than 300 are connected to the single-mode optical fiber to form an optical 
transmission line, however, an optical transmission line can.be formed by connecting the optical fiber of the invention 
whose D/S value is set to 0 to 300 and an optical fiber whose D/S value is negative to the single mode optical fiber, 
whereby, as shown in Fig. 4, the dispersion slope and dispersion value in the wavelength band in use can be reduced 
to be almost zero. Furthermore, only the dispersion slope in the wavelength band in use can be reduced to be almost 

15 zero. Moreover, any single mode optical fiber to be connected to the optical fiber of the invention can be used as long 
as it has a zero dispersion wavelength at the side of a wavelength shorter than the wavelength band in use, for example, 
a dispersion shifted optical fiber having minute dispersion in the wavelength band in use can be used. 
[0085] As shown in Fig. 1 , Fig. 2, and Fig. 5, in the abovementioned embodiments, the second side core 3 has one 
extremely-large refractive index portion, however, the number of extremely-large refractive index portions can be 2 or 

20 more. In this case as well, the maximum refractive index points of the plurality of extremely-large refractive index 
portions are positioned at the side of the first side core 2 from the center of the width in the diameter direction of the 
second side core 3, whereby the optical fiber as shown in Fig. 9a or 9b in which the absolute value of the negative 
dispersion and absolute value of negative dispersion slope are set to be large while the effective cut-off wavelength is 
at the side of a short wavelength can be realized. 

25 

Industrial Applicability 

[0086] As described above, the optical fiber of the invention is suitable for compensating the positive dispersion and 
positive dispersion slope of light signals at the wavelength band of 1.55jim to be transmitted through a single-mode 

30 optical fiber having zero dispersion in a wavelength band of, for example, 1 .3pm at the side of a wavelength shorter 
than the wavelength band in use by means of a short length. In addition, the optical transmission line relating to the 
invention makes zero dispersion at the receiver side possible for wavelength multiplexed light having various wave- 
lengths (in particular, light in a wavelength band of 1 .55jxm), and suppresses the non-linear phenomenon, and therefore, 
is suitable as an optical transmission line for high quality, high-rate and large-capacity wavelength multiplex transmis- 

35 sions. 



Claims 

40 1. An optical fiber formed so that the outer circumferential side of a center core is covered by a first side core, the 
outer circumferential side of said first side core is covered by a second side core, and the outer circumferential 
side of said second side core is covered by an outer cladding, wherein, when the maximum refractive index of the 
center core is n1 , the minimum refractive index of the first side core is n2, the maximum refractive index of the 
second side core is n3, and the refractive index of the outer cladding is nc, n1 > n3 > nc > n2, when the relative 

45 index difference of the center core from the outer cladding is A1 , the relative index difference of the first side core 

from the outer cladding is A2, and the relative index difference of the second side core from the outer cladding is 
A3, 1 .7%^A1 , A2^-0.3%, and 0.25%^A3, the value A, determined by dividing the diameter a1 of the center core 
by the diameter a2 of the first side core, is 0.15^A^0.5, and the value B, determined by dividing the diameter a3 
of the second side core by the diameter a2 of the first side core, is 1<B^2. 

so 

2. An optical fiber as set forth in Claim 1 , wherein the second side core has one or more extremely-large refractive 
index portions, and the maximum refractive index points of the extremely-large refractive index portions are posi- 
tioned at the side of the first side core from the center of the width in the diameter direction of the second side core. 

55 3. An optical fiber as s t forth in Claim 1 , wherein the outer circumferential side of the second side core is covered 
by an inner cladding, the outer circumferential side of said inner cladding is covered by the outer cladding, and 
the refractive index of the inner cladding is set to be smaller than that of the outer cladding. 
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4. An optical fiber as set forth in Claim 2, wherein the outer circumferential side of the second side core is covered 
by an inner cladding, the outer circumferential side of said inner cladding is covered by the outer cladding, and 
the refractive index of the inner cladding is set to be smaller than that of the outer cladding. 

5 5. An optical fiber as set forth in Claim 1 , wherein chromatic dispersion in the wavelength band in use is set to be 
less than -1 20ps/nm/km. 

6. An optical fiber as set forth in Claim 2, wherein chromatic dispersion in the wavelength band in use is set to be 
less than -120ps/nm/km. 

10 

7. An optical fiber as set forth in Claim 3, wherein chromatic dispersion in the wavelength band in use is set to be 
less than -1 20ps/nm/km. 

8. An optical fiber as set forth in Claim 4, wherein chromatic dispersion in the wavelength band in use is set to be 
15 less than -1 20ps/nm/km. 

9. An optical fiber as set forth in any one of Claims 1 through 8, wherein the D/S value determined by dividing the 
chromatic dispersion D in the wavelength band in use by the chromatic dispersion slope S is set to 0 to 500nm. 

20 10. An optical fiber as set forth in any one of Claims 1 through 8, wherein the D/S value determined by dividing the 
chromatic dispersion D in the wavelength band in use by the chromatic dispersion slope S is set to 0 to 300nm. 

1 1 . An optical fiber as set forth in Claim 5, wherein the wavelength band in use is setto be a wavelength band of 1 .55u.m. 

25 12. An optical fiber as set forth in Claim 6, wherein the wavelength band in use is setto be a wavelength band of 1 .55ujti. 

1 3. An optical fiber as set forth in Claim 7, wherein the wavelength band in use is setto be a wavelength band of 1 .55um. 

14. An optical fiber as set forth in Claim 8, wherein the wavelength band in use is setto be a wavelength band of 1 .55u.m. 

30 

15. An optical fiber as set forth in Claim 9, wherein the wavelength band in use is setto be a wavelength band of 1 .55|im. 

16. An optical fiber as set forth in Claim 10, wherein the wavelength band in use is set to be a wavelength band of 
1.55u.m. 

35 

17. An optical transmission line, wherein the optical fiber as set forth in any one of Claims 1 through 16 is connected 
to a single-mode optical fiber having zero dispersion in a wavelength band at the side of a wavelength shorter than 
the wavelength band in use, whereby the dispersion slope in the wavelength band in use is made almost zero, 

40 18. An optical transmission line, wherein the optical fiber as set forth in any one of Claims 1 through 1 6 and an optical 
fiber whose D/S value determined by dividing the chromatic dispersion D by the chromatic dispersion slope S is 
more than 300nm or an optical fiber whose D/S value is negative are connected to a single-mode optical fiber 
having zero dispersion in a wavelength band at the side of a wavelength shorter than the wavelength band in use, 
whereby the dispersion slope and dispersion value in the wavelength band in use are made almost zero. 

45 
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Fig. 1 




a1 



a2 




16 

BNSDOCID:<EP 1 107028A1_I_> 



EP 1 107 028 A1 

Fig. 3 
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